The problem is to find the optimum dimensions of a cantilever column loaded by compression and bending. The column is constructed as a circular or conical unstiffened shell. In both cases, the cost minimum is not limited by a fabrication constraint, by which the minimum shell radius would be prescribed. The cost comparison of both structural versions shows the most economic one.
Introduction
Columns or towers are used in many engineering structures, e.g., in buildings, wind turbine towers, piers of motorways, etc. They can be constructed as rectangular boxes or shells [1, 2] . Walls of boxes can be designed from stiffened plates or cellular plates. Shells can be unstiffened or stiffened circular or conical. A ring-stiffened conical shell is treated for external pressure in the case of equidistant stiffening [3] and with nonequidistant stiffening [4] . Many articles dealt with the stability calculation of these stiffened shells [5] [6] [7] [8] [9] .
Previous studies have shown that, when the constraint on horizontal displacement of the column top is not active, the unstiffened circular shell can be cheaper than that of stringer stiffened one. In the present study, the unstiffened circular shell is compared to the slightly conical one to show the economy of conical shells over the circular ones.
In previous studies, the fabrication has been realized by using 3-m-long plate elements to form unstiffened shell elements. In the present study, 1.5-m-wide plate elements are used. Therefore, the shell thicknesses can be varied in more shell parts. With equidistant shell elements of the same thickness, the fabrication can be realized more easily.
The optimal thickness for each shell element is calculated from the shell buckling constraint according to the Det Norske Veritas [10] design rules.
In the previous studies, the fabrication sequence is designed so that the circumferential welds have been realized for the completely assembled shell. In order to ease the welding inside the shell, the fabrication is changed and it is supposed that these welds are welded successively. Thus, the next 1.5-m-wide shell part is welded to the previous longer structure and so the number of assembled parts is always two (Fig. 1) .
Firstly, the conical shell is optimized by using different radii with a constant inclination angle. Secondly, this angle is changed to show its effect. Thirdly, the optimal circular shell radius is sought to minimize the cost.
Constraint on conical shell buckling
According to the DNV rules [10], the buckling of conical shells is treated like buckling of an equivalent circular cylindrical shell.
The thickness, the average radius, and the length of the i th equivalent shell part are
The inclination angle is defined by
The sum of the axial and bending stresses should be smaller than the critical buckling stress [11] 
where the reduced slenderness
The elastic buckling stress for the axial compression is
The elastic buckling stress for bending is
Note that the residual welding distortion factor 1.5−50β=1 when t>9 mm. The detailed derivation of it is treated in [12] . The minimum cost is marked by numbers in italics The minimum cost is marked by numbers in italics
The cost function
The cost function contains the cost of material, forming of plate parts to conical or circular shell elements, welding, and painting and is formulated according to the fabrication sequence [13] . The material cost is given by
The cost of forming of plate parts into conical or circular shell elements is
The coefficient for the complexity of assembly is Θ=3. The specific fabrication cost factor is taken as k F =1.0$/min.
For a shell element, three axial butt welds are needed (gas metal arc welding with CO 2 (GMAW-C))
The number of assembled elements is κ=3. Cost of welding of circumferential welds between shell elements is given as follows. The welding is performed successively, so one weld is connecting only two parts in each fabrication step.
Cost of painting is given by
The total cost is given by The minimum cost is marked by numbers in italics Tables 1, 2 , and 3.
In Table 1 , the minimum material cost (volume) and total cost are marked by numbers in italics. It can be seen that the minimum volume and minimum cost correspond to different radii. This difference is caused by high fabrication costs. The optimum is found, since the decrease of radii causes increase of thicknesses, which increases the material and welding cost; on the other hand, the increase of radii causes increase of material and painting cost. 
Conclusions
The following fabrication aspects are considered: the change of shell thickness is designed in equal distances, the circumferential welds are welded successively to ease the welding inside of the shell, and only integer numbers are used for shell thicknesses.
The structural volume or components of cost vary with radii in such manner that for both circular or conical unstiffened shells optimum radius can be found. Three inclination angles of conical shell have been investigated and one of them was optimal. The third inclination angel was the zero, for the cylindrical shell.
The comparison of conical and circular shells shows that the cost of optimal conical shell is lower than that of circular one, but the difference is not very large (70,635−68,911)/ 70,635×100=2.8 %.
